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PROCEEDINGS OF THE ELEVENTH ANNUAL 
BIOCHEMICAL ENGINEERING SYMPOSIUM 
This is the eleventh in a series of symposia devoted to talks by 
students on their biochemical engineering research. The first, third, 
fifth, and ninth were at Kansas State University in Manhattan; the 
second and fourth were at the University of Nebraska-Lincoln; the sixth 
was in Kansas City in conjunction with the 8lst American Institute of 
Chemical Engineers National Meeting; the seventh and the tenth were at 
Iowa State University in Ames; and the eighth was held at the University 
of Missouri-Columbia. 
Attending this meeting at Colorado State University were Joyce M. 
Chow, Alfred R. Fratzke, Robert A. Lesch, Michael M. Meagher, Ziv,ko L. 
Nikolov, and Peter J. Reilly from Iowa State University; Larry E. Erickson, 
L. T Fan, Mahendra M. Gharpuray, Pawan K. Handa, Snehal A. Patel, Bamidele 
0. S>lomon, and Steven D. Tessendorf from Kansas State University; and 
Maria S. Bertran, Laureen K. Binder, Frederick A. Blum, Jeanine M. Costa, 
Michael G. Doremus, Austin Grogan, Judson M. Harper, Sanjay Holay, 
Ching-Jiunn Huang, Ruth S. Korn, Terry G. Lenz, Robert A. Lewis, Steven 
C. Lindberg, James C. Linden, Timothy Maneely, Margaret Matsuoka, 
Antonio R. Moreira, Vincent G. Murphy, Wayne C. Nakagawa, Duane C. Ulmer, 
and Mark D. Wissler from Colorado State University. 
Inquiries on the research presented here should be directed to 
Professors Larry E. Erickson, L. T. Fan, Judson 11. Harper, Antonio R. 
Moreira, Vincent G. Murphy, or Peter J. Reilly. 
Antonio R. Moreira 
Editor 
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PRE1REATMENT OF WHEAT STRAW FOR CELLULOSE HYDROLYSIS 
M. M. GHARPURAY, YONG-HYUN LEE, AND L. T. FAN 
INCRODUCTION 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
.. 
The inuninent shortage of fossil fuels and their sky-
rocketing prices have initiated intensive research for bioconversion 
of lignoce11 •Jlosics to fuels. Wheat straw represents a replenishable 
and low cost energy resource, and it is available in significant 
amounts in select areas of this country. 
Enzymatic hydrolysis of native lignocellulosics is 
prohibitively slow for developing an economically feasible process 
at this time. The resistance of lignocellulosics is primarily 
attributed to the following three major factors (1, 2, 3): 
i. Cellulose in lignocellulosic biomass possesses a 
highly resistant crystalline structure. 
ii. Lignin surrounding cellulose forms a physical barrier. 
iii. Sites auailable for enzymatic attack are limited. 
Thus, pretreatment is an essential prerequisite to enhance 
the susceptibility of lignocellulosic residues to enzyme action. The 
pretreatments can be classified into physical, chemical, and biological 
depending upon their modes of action. Many different pretreatments 
have been attempted and the literature on this subject is voluminous. 
It appears that most of the research efforts on pretreatment 
for enzymatic hydrolysis have focused on pure cellulose, whereas 
little attention has been paid to lignocellulosics. In addition, the 
enhancement in the hydrolysis rate by pretreatment has hardly been 
studied from the standpoint of structural modification. The objectives 
of this work, therefore, were to: a) evaluate the effect of a wide variety of 
pretreatments on the digestibility of lignocellulosics, b) examine 
the effect of various pretreatments on the important structural 
features of lignocellulosics, and c) investigate the relationship between 
the hydrolysis rate and the structural features. 
MATERIALS AND METHODS 
Complete materials and methods have been reported 
elsewhere (4). 
-------------------------
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Lignocellulosic substrate: Winter crop wheat straw, hammer milled 
and sieved, 10 ~ 45 mesh. 
EnZ'.yme Sonrce: Unpurified culture filtrate of Trichoderma reesei 
QM9414. 
Pretreatmt nts: 
L. Physical Pretreatments 
a. Ball-milling 
b. Fitz-milling 
c. Roller-milling 
d. Extrusion 
e. Gamma radiation 
2. Chemical Pretreatments 
a. Caustic Soda 
4, 8, 16, 24 hours 
coarse , fine 
1/4, 1/2 hours 
with and without pressure 
10, 30, 50 Mrad 
1% NaOH, 10 g wheat straw (WS)/100 ml. 
solution (sol), 2 hours at room temperature (RT) 
or autoclave (AC) condition. 
b. Sodium sulfite 
13.7% Na2so3 , 10 g WS/70 ml. sol, 2 hours at RT or AC condition. 
c. Sodium hypochlorite 
4.6% NaOCR., 10 g WS/100 ml. sol, 2 hours at 
RT or AC condition. 
d. Peracetic acid 
(1;1 V/V of acetic anhydride and 35% hydrogen peroxide). 
lOg WS/lOOm~. sol., boiled 30 minutes 
e. Butanol 
1:1 V/V of n-butanol and water, 0.005% Aluminium 
chloride catalyst, 10 g WS/50 ml. soln., auto-
claved at 175°C for 1.5 hours. 
f. Ethylene glycol 
48 g WS, 600 ml. ethylene glycol, 13 ml. cone. 
HCi boiled at 170°C for 30 minutes or AC for 
1 hour. 
g. Sulfuric acid 
4.4% H2Sou, 21.6 g WS/360 m~ SOl, boiled at 98°C for I hour. 
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Measurement of Structural Features 
1. Crystallinity Index 
I 
-- . 
General Electric diffractometer, Cub:~ target with a 
nickel filter, Cri index proposed by Segal et ~'.!. (5). 
Lignin content 
Permangnate oxidation method proposed by Van Soest 
and Goering (6). 
H'drolysis and Analytical Hethod 
1. Hydrolysis conditions 
5wt% 
45wt% 
50wt% 
\vheat stra'..r 
citric acid buffer 
culture filtrate 
2. Shaking incubator set at 50°C and 250 rpm 
3. Reducing sugar 
DNS Method 
RESULTS AND DISCUSSION 
The results obtained from the hydrolysis of the chemically 
pretreated wheat straw are presented in Table 1. It includes the 
extent of hydrolysis after 8 hours, relative extent of hydrolysis 
after 8 hours. The extent of hydrolysis after 8 hours is the 
reducing sugar produced during the first 8 hours of hydrolysis. 
It can be considered as an indicator of the hydrolysis rate. The 
relative extent of hydrolysis is the ratio of the extent of hydrolysis 
of the pretreated wheat straw to that of the untreated standard 
substrate; the magnitude of the parameter is a convenient measure 
of the increase in the hydrolysis rate. Lignin content is also 
Hsted in Table 1. 
In general, the chemical pretreatments appear to be 
effective in enhancing the hydrolysis rate as seen from the 
large values of 'the relative extent of hydrolysis. In particular, 
the results of caustic soda, peracetic acid, and ethylene glycol 
pretreatments seem to be promising. The increase in the hydrolysis 
rate is attributable primarily to the removal of the lignin seal. 
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Wheat straw subjected to a wide variety of chemical 
pretreatments yielded a wide spectrum of lignin content. Figure 1 
shows the relative extent of hydrolysis plotted against the extent 
of delignification. The hydrolysis rate appeared to increase 
considerably with delignification until about 50% delignifi-
cation after which the rate appeared to level off. There are three 
possible explanations for this. (a) Delignification beyond 50% 
leads to a collaspe of the lignocellulosic structure, thus, shrinking the 
available surface area for enzymatic attack which is generated by 
removal of the lignin seal. (b) Two kinds of pores, macropores and 
micropores, are possibly present in the lignocellulosic structure. 
Exposure of the macropore surface by lignin removal increases the 
hydrolysis rate, but that of the micropore surface does not, because 
of their geometrical hindrance to large enzyme molecules. (c) The 
cellulose in lignocellulosics possibly undergoes structural 
rearrangement upon extensive delignification, e.g., recrystalli-
zation of cellulose. 
The results obtained from the hydrolysis of the physically 
pretreated wheat straw are presented in Table 2. In general, the 
physical pretreatments appear to give a substantial increase in the 
hydrolysis rate, but to be less effective than the chemical pre-
treatments. Ball-milling and roller-milling seem to be the most promising. 
The enhancement in the hydrolysis rate is primarily attributable to 
size and crystallinity reduction. 
A limited number of data on the crystallinity index are 
plotted against the relative extent of hydrolysis in Fig. 2. Notice 
that the hydrolysis rate increased appreciably with a relatively 
modest decrease in the crystallinity index. 
Figure 3 represents the progress of hydrolysis for ball-
milled wheat straw, caustic treated wheat straw, and untreated 
standard wheat straw. Both physical and chemical pretreatments 
increased the hydrolysis, but the increase by the chemical pretreat-
ments far exceeded that of the physical pretreatments. The chemical 
pretreatments caused delignification without any size reduction, and 
the physical pretreatments led to reduction in crystallinity index 
without any delighifaction. This has led to the following observations: 
(a) The presence of ligni.n predominantly controls the heterogeneous 
hydrolysis reaction and (b) size and crystallinity reduction only 
moderately increases the hydrolysi.s rate. 
CONCLUSION 
The lignin content in wheat straw primarily governs its 
hydrolysis rate. Although the lignin content is a critical factor, 
50% delignification yields the maximum hydrolysis rate. Unlike the 
case of solka floc (pure cellulo~e), size and crysta;linity index 
reductJion plays only a relatively limited role in enhancing the 
hydrolysis of wheat straw. 
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Tabl · 1. Efft ct of Chemical Pretreatments on Hydrolysis Rate and 
Lig1 in Content 
--------- ---·-- -----
Type of Extent of Relative extent Lignin hydrolysis of hydrolysis pretreatment 
after 8 hours after 8 hours con tent, 
• % g/£ 
Caustic - RT 9.1 4.3 10.6 
Caustic - AC 20.5 9.6 6.5 
Sulfite - RT 2.1 1.0 9.6 
Sulfite - AC 16.0 7.6 6.4 
Hypochlorite - RT 12.0 5.7 6.8 
Hypochlorite - AC 13.3 6.3 9.7 
Peracetic acid 20.9 10.0 2.8 
Butanol 4.6 ?..2 10.9 
Ethylene glycol 15.4 7.3 
Ethylene glycol-AC 18.2 8.6 
___ j 1.9 Dil. Sulfuric acid 9.3 4.5 17.0 Standard 2.1 1.0 11.6 
-~-----------------------
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Table 2. Effect of Physical Pretreatmen' s on Hydrolysis 
Rate and Crystallinity Index 
Extent of 
Type of hydrolysis 
pretreatment after 8 
--------- -t- __ hrs ~'l 
Ball milling 
4 hr 
8 hr 
16 hr 
24 hr 
Fitz milling 
coarse 
fine 
Roller milling 
l/4 hr 
1/2 hr 
Extrusion 
under pressure 
without 
pressure 
y- Irradiation 
10 Mrads 
30 Hrads 
50 Mrads 
Standard 
7.2 
9.1 
7.2 
9.8 
2.7 
3.0 
5.3 
6.5 
2.7 
2.5 
1.4 
4.2 
5.6 
2.1 
Relative 
Crystallinity 
index 
extent of 
hydrolysif' 
after 8 hlso 
-=-=----+--
3.4 
4.3 66.9 
3.4 
4.6 
1.3 
1.4 73.0 
2.5 
3.1 70.8 
1.3 
1.2 
0.7 
2.0 
2.7 
1.0 73.4 
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SUGAR PRODUCTION DURING AUTOHYDROLYSIS OF WHEAT STRAW 
Robert A. Lewis 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, Colorado 80523 
lN'l'RODUC 'lQ! 
'rhe prtHI~"lt world pet; oleum crisis has caused increased interest in 
the prod ctior of fuels and chemical feedstocks from renewable resources. 
Agricult ral crop residues, such as wheat straw, are strong candidates for 
this pur 10se due to availability and low cost for the raw material. The crop 
material ; are composed of lignocellulosic fibers containing the sugar poly-
mers of cellulose and hemicellulose. Once these sugars have been hydrolyzed 
to monomer fortn, they can be used as a feed for a fermentation process which 
produces useful chemicals such as ethanol. Lignin must be destabilized and 
the crystallinity of the cellulose reduced before efficient enzyme hydrolysis 
of the cnllulose is possible. Among the many pretreatment processes 
ava1labll•, autohydrolysis was chosen for detailed study. The autohydrolysis 
process uf wheat straw is suited for use in the Pacific Northwest, where 
both wheat straw and geothermal energy are available. 
0 Autohydrolysis is the high temperature (120-220 C) exposure of ligno-
cellulosic materials to saturated steam. The resulting deacylation 
r~actiona form organic acids which allow for the solubilization of most 
of th~ hemicellulose~ cell solubles~ and partial depolymerization of the 
lignin. Quantification of the kinetics for hemicellulose and cell solubles 
hydrolysis during the autohydrolysis of wheat straw is the main objective 
of this research. 
BACKG!_tOUND 
Th~ potentially fermentable sugars obtainable from hemicellulose and 
cell aolubles are: xylose, arabinose, fructose, glucose~ and galactose. 
The cell ~olubles are typically referred to as fructosans and represent the 
plant's supply of readily available sugar. The fructosan content is a 
function of species and maturation and~ therefore, can vary significantly 
from 2-20% of the dry fiber weight (1). Typical sugar composition for the 
wheat straw hemicellulose is presented in Table 1 (2), but these may also 
vary with species and maturation. 
Table 1 
Composition of Wheat Straw Hemicellulose (2) 
Comp.!ll!,~ Percent of Total Hemicellulose by Wt. % 
D-xylos~ 70 
16 
4 
10 
12 
Past research on the acid hydrolysis of wheat straw and woodchips 
indicates the process consists of a series of first-order reactions as 
follows (3-6): 
POLYMER ---+ OLIGOHER ---+ MONOMER ---+ DEGRAD. PROD. (1) 
The polymeric sugar is the insoluble sugar polymer which is part of the 
fiber complex. The olig< ner represents a small,~r sugar chain, with degree 
of polymerization of 6 to 2, which has been cle.J.ved from the main sugar 
polymer. The major degradation product for the pentoses is 2-furfuraldehyde, 
while that of the hexoses is 5-hydroxymethylfur 'ural. 
For the purpose of this investigation, the series first-order reaction 
approach will be followed. The major justification for this stems from 
the similarities between acid and autohydrolysis pretreatment; for acid 
hydrolysis the major source of ~ is a mineral acid, most often H2S04, 
while in autohydrolysis the ~ source is the production of organic acids 
through the deacylation process. 
The rate ·~:l<.JJressions for equation 1 can be written as follows: 
where: 
cP concentration of sugar in the fibe · (solid phase) 
COL concentration of oligomer in solution 
eM concentration of monomer in solution 
(2) 
(3) 
(4) 
(5) 
CD equivalent concentration of the degradation products in solution. 
Any concentration term which has a subscript 0 represents the time zero 
concentration for that compound. The value of Cp0 is determined by the acid 
and neutral detergent fiber analysis, in addition to alkaline extraction 
followed by HPLC analysis. 
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The rate expressions 2 to 4 are integrated to obtain the concentration 
at any time t; equation 2 is straight forward, while 3 and 4 require an 
integration factor. 
For .a batch reaction, the concentration vs. time data is collected 
or CoL CM, then k1, kz and k3 can be estimated for a fixed set of experi-
tental conditions. The estimation procedures are based on a simplex program 
or function minimization l7). 
The presence of a Lewjs acid has been 1eporced to catalyze the breaking 
,f the glycosidic bonds (8); the Lewis acid of interest in this study is 
i,1z(S04)3. By knowing the values of kat several temperatures and catalyst 
concentrations, the functionality of k can be estimated. The expression 
should be a variation of the general Arrhenius formula as shown by 
Seaman (: ). 
MATERIALS AND METHODS 
Wheat straw (Triticum aestivum) - locally obtained wheat straw was 
reduced in size to pass a 0.5-inch screen in a Model D Comminuter 
(Fitzpatrick Manufacturing Co., Elmhurst, Illinois). 
Reaction Vessels - Autohydrolysis studies were conducted in 35 ml 
capacity bombs constructed of 4 x 3/4 inch black iron pipe nipples, The 
bombs were equipped with a black iron cap at one end and a combination 
carbon swag~lock and type K thermocouple at the other end. Each bomb was 
loaded with the equivalent of 3 grams of dry fiber. The required tempera-
ture for pretreatment was achieved by immersing the loaded bomb in a 
high-temperature silicone oil bath. 
E~traction - Following autohydrolysis, free liquid was aspirated from 
the residual solids using a Buchner Funnel equipped with fritted disc 
(Corning No. 36060). The remaining solids were then suspended in 30 ml 
of distilled water at ambient temperature for approximately 10 minutes. 
At the end of this extraction period, liquid was again aspirated from the 
solids, and the latter subjected to two on-filter washes with 15 ml portions 
of distilled water. The original liquid plus the washings were combined 
and the volume noted. 
Sugars Analysis - Autohydrolysis extracts were analyzed for the sugars 
present on a Waters HPLC equipped with a differential refractometer and a 
BIO.RAD HPX-85 column. Total reducing sugars were determined as apparent 
glucose by the dinitrosalicylic acid (DNSA) method of Miller (9). 
RESULTS AND DISCUSSION 
Preliminary tests have been performed under the following autohydrolysis 
conditions: 
1. Temperatures: 120, 155, 180°C 
2. Reaction times: 0, 10, 20, 35, 60, 90, and 120 min. 
3. Water/fiber: 5/1 
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4. Solvents 
a) Distilled H2o 
b) 0.5% by weight solution of Al 2 (so4 ) 3 • 
The glucose and fructose concentrations as a function of time are 
shown in Figures 1 and 2. Glucose and fructose represent easily h·rdrolyzed 
cell solubles which appear in significant levels at lower temperatures even 
without catalyst. The catalyzed system does produce 83% more fructose than 
the uncatalyzed at 120°C. The glucose production at 120°C is stabilized by 
the catalyst, but the difft;rence between the catalyzed and uncataJ yzed is 
more pronounced for fructose. At higher temperatures, degradation occurs 
for both glucose and fructose; this corresponds to the increase in 
5-hydroxymethylfurfural shown in Figure 3. 
The pentosan concentration profiles are shown in Figures 4 and 5. No 
xylose monomer was produced at 120°C either for catalyzed or uncatalyzed 
systems, while arabinose was produced in monomer form in the presfnce of 
0 A1 2 (so4) 3 at 120 C. Larger pentose monomer production was noted for the 
catalyzed system at 155°C, with significant degradation occurring at 180°C 
for both systems. This decrease in monomer concentration agrees well with 
the production of 2-furfuraldehyde as shown in Figure 6. There is not a 
1-to-1 match for decreasing monomer content and increasing degradation 
products indicating intermediates or side reactions which consume monomeric 
sugar. With a plot of DNSA sugar minus the total monomer and disaccharide 
content, the presence of an oligomer component can be detected qualitatively 
as shown in Figure 7. The low temperature of 120°C favors the production of 
monomer, while that of higher temperature favors oligomers. At 155°C, the 
catalyzed system produces oligomer faster than the uncatalyzed system. At 
180°C, rapid oligomer production occurs first followed by significant 
hydrolysis and degradation for both systems. 
From this preliminary data the following conclusions can be drawn: 
1. A majority of the pentosan removed during autohydrolysis remains 
in oligomeric form. 
2. The cell solubles of fructose and glucose are easily hydrolyzed 
at low temperatures. 
3. The presence of A1 2 (so4) 3 aids in the solubilization of oligomers 
and monomers. 
4. A two-stage autohydrolysis process is recommended, low temperature 
for removal of fructosans and high temperature for the pentosan removal. 
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Figure 2 
Fructose vs. Time 
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Figure 3 
5-~ydroxymethylfurfural vs. Time 
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Xylose vs. Time 
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INTRODUCTION 
AN ALKALINE CO~PER REAGENT FOR USE 
IN AUTOMATED ANALYSIS 
Alfred R. Fratzke 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
The reduction of Cu(II) to Cu(I) by free hydroxyaldehydes and hydroxY-
ketones (free sugars) is a reaction which has been utilized in one form or 
another for several hundred years. Today the reactions form the basis for 
many widely used analytical methods for reducing compounds. The first such 
quantitative method, that of Fehling (1), dates back to 1849. Since then 
well over a hundred modifications and modifications of modifications of 
Fehling's method have been published (2,3). In fact, Nelson's (4) arseno-
molybdate method, usually employed with Somogyi's alkaline copper reagent 
(5), was the fifteenth most cited paper in the 1961-1972 scientific 
literature (3,6). 
The popularity of the Somogyi-Nelson copper method is readily explained 
in terms of its high reproducibility, moderate sensitivity (intermediate 
betr.:reen that of the dinitrosalicylic acid and alkaline ferricyanide methods), 
absorbance yield independent of chain length for maltooligosaccharides (7), 
very low blank, and finally its high color stability. The disadvantages 
of the technique, however, are also quite important. l~ile the standard 
manual method is rather tedious, the formation of cuprous oxide (Cu2o) precipitate from the alkaline reaction mixture precludes direct automation 
of the method. It should also be noted that the elimination of molecular 
oxygen, while generally unimportant in routine analysis, is important in 
careful kinetic and stoichiometric studies and is quite difficult to 
effect in a manual assay carried out in test tubes that must be open at 
least part of the time. 
Because the reaction kinetics, the distribution of products, and even 
the overall stoichiometry of the alkaline copper reactions have yet to be 
determined under assay conditions, accurate studies of Nelson's copper method 
have been undertaken in this laboratory (8). After it had become apparent 
that even low levels of dissolved oxygen could not be tolerated in accurate 
studies, we decided that automation of the method was essential in order 
to obtain satisfactory results. Ideally, this would require modifications 
of the reagents in su"ch a way that the reaction products would at all 
times remain soluble, while at the same time the character of the reactions 
would not be significantly altered. This paper summarizes the progress 
made toward these ends. 
TilE METHOD 
The standard Somogyi 5educing sugar assay consists basically of heatinP, 
a sugar solution at 95-100 C in the presence of complexed (with tartrate or 
citrate) Cu2+ at alkaline pH. After the reaction has proceeded sufficiently 
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to completion (a period of time varying widely with different sugars) an acidic 
color-forming reagent--in this case Nelson's arsenomolybdate--is added. The 
samples may then be diluted with water to a known volume and read spectrophoto-
metrically. It should be noted that although dilution with water results in 
an extremely low reagent blank and a calibration curve essentially linear to 
anopticaldensity of approximately 0.6, a pronounced bulge in the calibration 
curve occurs at higher absorbance levels. This may be nearly eliminated by 
diluting with one part of color reagent and two parts of water. 
Although a detailed description is not appropriate here, a few features 
of the alkaline copper reactions should be noted: 1) The reactions have generally 
been found to be first-order in hydroxyl, with high pH favoring rapid reaction 
but decreasing the Cu(I) and hence color yield. 2) The rates of Cu(I) pro-
duction have generally been observed to be first-order with respect to sugar 
and zero-order with respect to Cu(II) concentrations, at least for mono-
saccarides and many short-chain sugar analogs. 3) Prior activation 
(enolization) of saccharides is generally rate-limiting, with the actual copper 
reduction apparently occurring very rapidly (Fig. 1). 
The actual Somogyi-Nelson alkaline copper reagent contains, in addition 
to tartrate (Rochelle salt)-complexed Cu(II) (Cuso4), a sodium carbonate-bicarbonate base-buffering system as well as a near-saturating level of Na 2so4 , to reduce the alkalinity (by increasing the ionic strength) and secondarily 
to reduce the level of dissolved oxygen present. Dissolved oxygen apparently 
preferentially oxidizes the activiated saccharide, reducing the overall Cu(I) 
yield. In order to successfully adapt the Somogyi-Nelson method to a 
continuous automated procedure, it appears that a complexing agent must be 
found which is capable of preventing the precipitation of Cu(I) as cuprous 
oxide in the alkaline reaction mixture. 
To be suitable as a Cu(I)-complexing agent such a compound should ideally 
1) possess adequate complexing ability as determined by metal-ligand association 
constant(s) and solubility, 2) cause no change in the observed kinetic and 
stoichiometric character of the reactions, 3) be unlikely to react with sugars 
or presumed or anticipated reaction intermediates under assay conditions, and 
4) not tightly complex Cu(Il). The final requirement rules out interference 
wit~the r.u(IT}tartrat~ reactant complex. 
The ability of a particular complexing agent to prevent cuprous oxide for-
mation is affected by the conditions under which the alkaline copper reactions 
are conducted. Although the Somogyi reagent is one of the l~ast alka!ine (and 
hence slowest) copper reagents, the solubility product of Cu with OH is so 
low (K = 1.0 x lo-14) that the maximum concentration of cu+ that may exist 
in solB~ion under reaction conditions of pH 9.2 (at 25°C) is only about 0.6 x 
1Q-9M. 
RESULTS 
From prclininary experiments and theoretical considerations, the one 
compound we have found to adequately meet the above requirements is, rather 
surprisingly, sodium chl~ride! The two association constant3 for the complexing 
of chloride ions with Cu are both quite low (K2 = 3.16 x 10 and K3 = 5.01 x 105), but this is sufficiently offset by the high solubility 
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( 5.8M in distilled water) of sodium chloride in aqueous solution. Because 
the copper complexes formed contain two and three chloride ions, respectively, 
the resulting theoretical expressions for free Cu(I) in solution are quite 
sensitive to salt concentration, as outlined in Fig. 2. 
Experiments conducted at several sodium chlo1ide concentrations confirm 
at least qualitatively these rough calculations. Fig. 3 shows the results of 
two kinetic experiments conducted at the same subar and initial Cu(II) concen-
trations. An approximate 50% decrease in salt concentration results in a very 
large reduction in observed absorbance at long incubation times. Note that 
under conditjons wherein cuprous oxide formation is ultimately observ~d a 
reduction in Cu(I) equivalents (complexed Cu(I) and Cu20) in the solution 
sampled does not show up immediately. Rather, as shown, the two curves show 
identical kinetics for the first 17 min of the reaction. The ensuing rapid 
decrease in Cu(I) equivalents coincides roughly with the appearance of cuprous 
oxide deposits on the surfaces of the reaction vessel. 
From preliminary experiments it appears that a near-saturated NaCl-Somogyi 
reagent containing 300 g/1 NaCl is sufficient to keep the highest possible 
level of Cu(I) in solution with an adequate reserve to allow a dilution ratio 
of 200 ~1 of sugar containing sample/ml of alkaline copper reagent. The 
standard Somogyi-Nelson alkaline copper reagent. contains a large excess of 
Cuso4, which would result in maximum absorbance values ranging from 1.7 to 6.8 depending on the final dilution used. The above cited NaCl levels are based 
on a 50% reduction in the Cuso4 concentration (and also Rochelle salt concen-tration) as was also suggested by Somogyi (5). Since the original dilutions 
with water were designed primarily to increase volumetric precision as well 
as to reduce the blank absorbance, an automated analysis with its improved 
volumetric precision and oxygen-free conditions (which appear to reduce the 
variability of the blanks) should not require as large a water dilution ratio. 
The NaCl-Somogyi reagent, which is 6mM in Cuso4 , shows a maximum absorbance 
with excess sugar of about 0.85 (at 500 nm in a 1 em path length cell) with 
a blank of less than 0.004 at a total dilution of about 6 ml/Ml alkaline 
copper reagent. It is important to note, however, that with the water dilution, 
added NaCl, and reduced CuS04 level, the resulting calibration plot is 
essentially (although not entirely) linear only at absorbance levels below 
0.5-0.6, as can be seen in Figure 4. Additionally, readings above these 
values are not absolutely stable, as they tend to decrease slowly to an ultimate 
absorbance of approximately 0.6 in about one week. Readings below 0.6 are 
in contrast quite stable, increasing only very slightly, and becoming in fact 
more nearly linear in concentration. However, at absorbance levels below 
approximately 1.2 the loss of color is too slow to be of importance in an 
automated asspy. 
The remaining_three requirements of a Cu(I) complexing agent appear well 
met by NaCl, as Cl does not complex Cu(II) and would not be expected to 
react significantly with sugars or anticipated intermediates under the con-
ditions of the alkaline copper assay. Furthermore, preliminary kinetic ex-
periments with glycolaldehyde and with glucose show no apparent change in 
kinetic behavior over the standard method. although an approximate reduction 
in first-order rate constant of 25% is observed, due likely to the increased 
ionic strength of the NaCl-containing copper reagent. A slight decrease in 
Cu(I) yield per mol glycolaldehyde reduced (less than 10-lS~with the addition 
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of NaCl is observed. This decrease is, however, partially offset by the 
exclusion of oxygen from the soluble reaction mixture via nitrogen bubbling. 
DISCUSSION 
A summary of the progress which has been made toward the design of an 
alkaline copper reagent suitable for use in automatei analysis must inc .ude 
the following points. Most important, the problem o' cu2o (cuprous oxide) precipitation has been resolved by the replacement o = Na 2so4 with near-satur~ted (300 g/1) NaCl in the standard Somogyi-Nel;on alkaline copper re-
agent. This has been accomplisl1ed without significa1t loss in abso~bance 
yield (per mmol Cu(I) formed) or increase in reagent blank. Finally, an 
increase in assay precision over the manual method i.; apparent from pre-
liminary experiments with flow systems, due likely tu the elimination of 
variable oxygen interference and to more uniform volumetric control. 
On the other hand, additional problems presented by the use of a NaCl-
saturated copper reagent include a slightly rPduced reaction rate (by 25%), 
due likely to an increased ionic strength, aslightly less linear calibration 
plot (with glycolaldehyde), an increased susceptibility to oxygen inter-
ference (before addition of the acidic color reagent), and finally, the 
fact that sample volumes must be minimized (or salt added to very dilute sugar 
samples) to prevent cuprous oxide precipitation at higher total sugar levels. 
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SOOARS PRODUCED DURING EX'ffiUSION PROCESSING OF CCRN 
Ruth s. Korn 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, Colorado 80523 
INTRODUCTION 
Considerable interest has been generated in the peat three years 
in on-farm ethanol production. Ethanol produced in this manner could 
be used on farm as a liq~id fuel to reduce dependence on petroleum 
based liquid fuels or be sold as a cash crop. 
Extrusion cooking of the starch has been·suggested to simplify 
the process. bring better technology to the farms and to increase the 
yields of ethanol and the energy efficiency of the process. 
A thorough understanding of the different chemical reactions 
occuring during the process could bring an improvement and optimization 
of the process. For this study it would be mainly in the extrusion and 
hydrolysis conditions. 
CONVENTIONAL ALCOHOL PROCESS OVERVIEW 
The conventional cooking process of corn is shown in F1g.1. The 
grain is f:lrst cleaned and ground. This causes exposure of the starch 
granules which permits suspension and dispersion in the slurryiru? step. 
Slurrying involves adding the meal to water to farm a mash. Typically 
10-33 gallons of water are used for each 56-potmd bushel of grain. The 
pH is adjusted to the optimal for ~,Qha-amY.l~ ( pH• 6- pH ?) • A+P~~ 
~my~~~ is added before or during the cooking. Cooking causes the starch 
to gelatinize (solubilize) and the added alpha amylas~ causes liquefaction 
and dextrinization of the starch. 
0 The cooked corn is then cooled to 30 C and the pH is adjusted to 
pH 4.5. A second enzyme is added, glucoam~lase, to complete the hydro-
lys~s of starch into glucose. It is not necessary that complete conver-
sion of the dextrine occur prior to the addition of the yeast. As soon 
as sufficient sugars are available to support a yeast population, the 
fermentation process may be initiated. 
The fermentation is carried for 48 hours and the subsequent steps 
are for the separation of ethanol to obtain a high proof ethanol solution. 
Fig. 2 shows the differences between the conventional cooking 
process and the extrusion cooking process. 
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EXTRUSION COOKING 
A foOd extruder consists of a flighted Archimedes screw vhiOh 
rotates in a tightly fitting stationary sleeve or barrel. The action 
of the flights on the screw pushes the food product forward, and in 
doing so mechanically works and mixes the dough-like mass (Harper,l978). 
Because of the high pressure achieved inside the extruder, special 
cooking conditions occur which include very high temperatures without 
boiling and the high shear which causes dextrinization of the starch. 
Fig. 3 shows the maJor components of an extruder: 
1- The S~EW is the central feature, and its design greatly influ-
ences the extruder's operation. It serves three funcitons: a) accepting 
and conveying the feed. . , b) compressing and working the food material 
and C) uniformly WO:!'King and mixing the extrudate. 
2- The JiffiUST -~~IN.Q: the extrusion screw is normally supported 
with a bearing at onJ.v the driven end. 
3- The ~~~~~: usually the inner surface of the barrel is grooved 
to reduce slippuge and increase the pumping capability of the extruder. 
The barrel surface :is an area of high shear. 
4- The g~~: expansion of the product occurs as the product leaves 
the die because of the rapid release of pressure from the end of the 
extruder to ambient conditions. Flashing of moisture results with the 
release of the pressure since the product is often above the normal 
boiling point of water. 
The main variables in extrusion cooking are temperature, moisture 
and feed rate. As temperature is increased, more gelatinization of 
the starch is expected. A very high temperature will cause burning 
of the starch and thus degreadation products which are not fermentable 
will appear. Water is needed to gelatinize the starch and also increased 
moisture reduces the viscocity of the dough. Feed rate has two opposite 
effects. On one side, a smaller feed aate increases the retention time 
inside the extruder and the dough is cooked for a longer period of time. 
On the other sidel higher feed rates cause higher shear inside the 
extruder and more dextrinization is achieved. 
The extruder tlsed in this ntudy is a Brady 206, Low Cost Extruder. 
In this type of extruder, the dough is heated by viscous dissipation of 
mechanical energy. The moisture of the feed in this type of extruders 
is usually lover than in other classes of extruders (Tribelhorn and 
Harper,l980). 
The reasons for choosing this type of extruder are the following: 
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1- Sma~ capital investment 
2- It can be run with the engine of a tractor 
J- Simple to operate and repair 
4- Size compatible v~th small scale operations 
All these reasons were chosen keeping in mind that tnis is a small 
scale operation and the initial capital investment has to be kept at a 
minimum. 
CONVENTIONAL COOKING VS. EX'IRUSION COJKING 
The main differences in the cooking process conditions are the 
following: 
Temperature 
Hater content 
GUNVENTIONAL 
95°C 
80% 
EX'ffi US ION 
165°C 
15'~ 
COOKING TEMPERATURES: Higher temperatures are achieved inside the 
extruder. Corn ntarch gelatinizes in two steps: 95% of the starch is 
gelatinized at temperatures belov boiling temperature so higher yields 
of glucose are obtained by &Xtrudtnc tb.e r._orn. Otter advantages of 
higher temperature are that it greatly insolubilizes the protein and 
allow~ easier removal and also decreases the foaming of the protein 
during fermentation ( .1&1 1 . cal~ Fuel Alcohol Production,l980). 
COOKING MOISTURE: The conventional process cooks at around 20% solids 
while extrusion uses 85% solids. This means that the conventional 
process involves heating a lar~e amount of vater and then a lot of 
water is needed to cool down the cooked mash. 
Other advantages of the extrusion process are: 
1- Because of the high shear achieved inside the extruder, the starch is 
dextrinized and there is no need to add alpha amylaseo 
2- Pasteurization of the feed because of the high temperatures achieved 
inside the extruder. 
C0!-1PARISON OF THE INITIAL CAPITAL INVESTMENT BET\vEEN THE TVIO PROCESSES 
T~ble 1 shows the prices of the different pieces of equipment 
needed in both processeso The differences are in the following: 
1- Boiler: No steam is needed in cooking ip the extrusion process, so 
a smaller boiler is needed for the distillation process only. 
2- Cooking and Liquefaction Equipment: Since the equipment needed to 
cook the starch in a conventional way has to stand high temperatures, 
special materials of construction are needed for the tank and piping. 
This analysis shows that the initial capital investment is smaller 
for the extrusion cooking process, but the difference ranges at about 5%. 
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COMPAR ISm; OF T:-IE VARIABLE COSTS OF THE TWO PROCESSES 
Table 2 shows the variable costs for the tva processes. The 
differences are: 
1- Electric Lty: e lectricit' is consumed in stirring the tank during 
cooking and more !Umping en,rgy is needed in a conventional processing 
plant. 
2- Boiler fuel: Assuming th<.t the extr~tder c t.ll run on an ethanol 
engine, no boiler fuel is nt eded for the ext ·us ion cooking. Part o5~ 
the water w1ed in the disti lation column is preheated when used as 
cooling water for the engin' runing the extr11der thus reducing the 
fwl consumption in the dis '~illation column. 
1- Water: ~h cooling water is needed in the extru:>ion cooking procuss 
because the cooking is drier and hence does : .ot involve boiling maturial 
that has to be cooled later. 
4- Supplies: There is no need to add alpha amylase in the extrusion 
process because the high shear in the extruder dextrinizes the starch 
and thus the viscocity is reduced. 
The variable costs ln the extrusion processing are about 10% lower 
th~n the variable costs of the conventional cooking process. It should 
be noted that these values are based on one bushel proc8.3sed. Since 
higher yields of ethanol are obtained by the extrusion cooking process, 
the variable costs per gallon of ethanol show a bigger saving in 
co:nparison with regular cooking. 
'L'he utility vf these results are highly dependent upon the following 
factors: 
1- Cost of utilities 
2- Possibility of using ethanol produced by the on farm plant to fuel the 
extruder 
3- Amount of heat regenerated in the process 
4- Relative yields of ethanol by alternative processes 
OBJl<~CTIVES 
The main objective of the present stydy is to optimize the small 
scale ethanol production both during the cooking and hydrolysis steps. 
This can be achieved by lowering the processing costs, capital investment 
and energy and wat~r consumption. On the other side, increasing the yield 
and the amount of fermentable sugars will also improve the process. The 
results obtained from the research on hydrolysis and cooking coulu later 
be brought tc.J another scale and be used in bigger scale operations. For 
this ca:::.r:, other types of extruders could be considered which would need 
higher capital investment but could reduce energy input into the 
production (jJovns et.al. ,1980). 
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EXPERIMENTAL VARIABLES 
The variables being studied during the extrusion process are: 
1- extrusion temperature 
2- feed rate 
3- corn moisture 
The effect expected by t:ach of these variables has already been 
explained. 
A method had to be deviued to find the amount of monosaccharides 
and disacchr.ricl.:::s released upon extrusion. \later and ethanol were tried 
as solvents. All the starch dissolved in tre water, and since its con-
centration was very high it made it dlfficult to "see" the monosaccharides 
and disaccharidos. ~~oiling etnanol under a r ~flux and a concentration 
of 80~1- was ·found to be t:1e optimal solvent to extract the smaller 
sugars and analyze them with High Performance Liquid Chromatography. 
The tests performed on the extruded samples include the following: 
On tne ethanol 0xtract: 
1-weight of soluble material , 
2-anount of' reducing sugars in the extract 
J-chromatography analysis 
Gelatinization: amotmt of glucose released upon starch hydrolysis with 
glucoamylase. 
:Fermentation: amount of ~llC:)hol obtained from the extruded samples i.TJ. 
comparison to a conventiona~'ly cooked sampl~. 
RESULTS AND CONCLUSIONS 
'l'he chromatographic analysis on the ethanol extract showed that 
no hemicellulose was completely hydrolyzed to xylose after extrusion. 
The sugars shown in the chromatograms are glucose, fructose and a 
disaccharide tllat could either be maltose or sucrose (or both). The 
appearance of glucose and fructose might indicate that some of the 
sucrose was hydrolyzed. ' 
}.'or the fermentation studies t there was no need to add alpha 
amylase to the extruded samples but there was need to add it during the 
cooking process of the conventionally cooked sample. This is an advan-
tage to the extrusion process since it involves less steps in the 
process and a savings in the purchase of the alpha amylase. Glucoamylase 
is used in both processes. 
Comparison of the amount of glucose obtained upon hydrolysis of 
a conventionally cooked sample and an extruded sample showed that 
extrusion cauoed more gelatinizat.lnn. 
Ul these results and the cost analysis show that when comparing 
these two on-farm processes, extrusion process looks more favorable. Some 
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suggestions have been made about the inconveninence of producing ethanol 
on such a small scale, but these results could also be scaled to bigger 
plants. 
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Table 1- Capital Investment Comparison 
(1n ~1000's, based on a plant producing 500 gal/day of ethanol) 
s'i te preparation · · · - - - -
building 
receiving-storage 
feedstock preparation 
vater supply 
boiler 
cooking equipment 
fermentation tanks (3) 
instrumentation 
distillation 
rectification 
alcohol storage 
alcohol denaturation 
stillage handling 
miscellaneous 
TOTAL:land,buildi.ng,equjpment 
Engineering and installation 
TOTAL CAPITAL COS1'S 
Conventional 
cooking 
15 
15 
5 
5 
2.6 
32 
28 
30 
10 
25 
20 
4 
1 
6 
20 
218.6 
65.6 
284 
Table 2- Variable Costs Comparison 
.. 
labor 
electricity 
boiler fuel 
*cook~ 
*distillation 
diesel fuel 
vater 
supplies 
TOTAL VARIABLE CaST/BUSHEL 
Conventional 
cooking 
'- ~ .... - . -0.25 
o.o? 
0.11 
0.7 
Extrusion 
cooking 
1'5-
15 
5 
5 
2.6 
28 
20 
30 
10 
25 
20 
4 
1 
6 
20 
206.6 
62 
269 
. ···--·~--
Extrusion 
cooking 
.... ·-···~·--0.25 
o.05 
0.55 
0.21 
o.o1 
0.1? 
$1.24 
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CHARACTEJUZATION AND COMPARISION OF RENEWABLE ENERGY RESOURCES 
INTRODUCTION 
Snehal A. Patel 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
Th~ first part of this work was . entered around the 
determination of a relationship between the elemental composition 
of renewable resources and their heat of combustion, using the 
regularities used by Erickson, Minkevich and Eroshin [1]. Data 
for over five hundred samples were analyzed and it was found that 
a constant amount of heat was liberated per available electron 
transferred to oxygen during the combustion process [2,3]. This 
constant value was around 26.616 kCal/ equivalent of available 
electrons transferred. 
In this work the objective was to identify various 
renewable energy resources and to classify them according to 
their energy potentials. 
The various renewable energy resources can be divided 
into two broad categories as shown below: 
1). Products of photosynthesis 
- forest products 
- crop residues 
2). Solid waste products 
- garbage (food wastes) 
- rubbish (domestic solid waste) 
- ashes (from heating units) 
- trash (bulky refuse items) 
- animal waste 
There is some overlap between the two categories, e.g. 
solid wastes do include items like plant trimmings, logging residue, 
sawdust, etc. which actually are products of photosynthesis. 
The classification presented so far is based on the 
source of the substance rather than its usefulness as an energy 
source. The work presented here uses the energy value approach to 
classify various renewable energy sources. 
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THEORY 
The quality, Q, Jf an energy source may be defined 
as follows: 
Q = 
where, 
= 
= 
Energy density = 
Heat of Combustion Ratio 
Heat of Combus:ion of Substance 
Heat of Combus :ion of Cord Wood* 
Energy Density Ratio 
Energy Density of Substance 
Energy Density of Cord Wood* 
Heat of Combustion X Bulk Density 
The parameter Q is important because it accounts for both, 
the bulkiness of the substance through its energy density ratio, 
Q2 , and the heating value per unit mass through the heat of combustion 
ratio, Q1 . The importance of Q is not realized when applied to fossil fuels because these are superior fuels with high Q1 and Q~ values. Even in case of gaseous fuels, the very high Q1 varue gives rise to a high Q value. When applied to alternate energy sources such as forest 
products and solid wastes, the value of the quality parameter Q is 
more e.~sily apparent. This is due to the inferiority of such fuels 
as com1ared to fossil fuels. The quality Q of various fuels under 
the two categories mentioned earlier can now be discussed. 
A. PHOTOSYNTHETIC PRODUCTS: The process of photosynthesis 
is the exact reverse of the process of combustion or respiration. Two 
very stable compounds, co2 and H20, combine in the presence of sunlight to form biomass and o?. The biomass, being relatively unstable due to 
its higher energy conEent, is a very useful energy source. Photo-
synthetic products thus serve a very useful function as solar energy 
storehouses [4]. All such products may not be considered to be at 
the same level of usefulness due to their varying physical properties. 
Table 1 illustrates these differences. Bulky substances like crop 
residues, red cedar wood and red alder have a low Q2 value while green 
woods like hickory,red oakand willow have low heats of combustion per 
unit mass and hence low Q1 value. The Q values thus classify the woods 
according to their quality as fuels. Crop residues, as would be expected, 
have the lowest Q value. Figure 1 is a graphical representation of 
* The heat of combustion of cord3wood is taken as 8606 BTU/lb and 3 the energy density is 215,145 BTU/ft based on a bulk density of 25 lbs/ft . 
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substances presented in Table 1. The higher the quality of a fuel, 
the further away it will be from the origin. White oak, which has 
a Q value of 2.336 is thus furthest from the origin. 
B. SOLID WASTE PRODUCTS: Solid wastes can be recycled 
as fuels after a certain amount of processing. Even among these 
substances, physical properties and heating values vary a lot and 
once again the quality factor can be used as an effective means of 
differenth•tion. Table 2 which is graphically represented in Figure 2 
shows the Jesuits for solid wastes. Fats and oils have the highest Q 
values and would be furthest from the origin (not shown in figure). 
Paper hAs a high Q value as it has been densified from a density of 
5 lb/ft3 to 58 lb/ft3. 
Figure 3 gives an overall picture of the quality of various 
fuel: . There are two distinct regions on this plot (seperated by 
dott• d lines). The superior fuels, having a higher Q value, lie in 
the '>uter region, while fuels from renewable energy resources, which 
are relatively inferior, lie in the inner region. Thus, the best 
way to improve fuel quality is to pretreat it such that it moves 
away from the origin. 
Two processes which would improve fuel quality are drying 
and \ensification. 
Drying would result in a reduction of the "non-fuel" portion 
of the substance, thus increasing its heat of combustion per unit mass, 
resulting in a higher Q1 value. Examples are manure and woods as shown in Figure 3. The effect of decreasing moisture, from 85% to 10% in 
case of manure and from SO% to 10% for woods, is shown by the straight 
lines in the figure. 
Densification would give a highly compact substance with a 
high energy density, hence a high Q2 value. The effect of densifying paper from 5 lb/ft3 to 58 lb/ft3 is shown by the vertical line for 
paper in Figure 3. 
Oil shale is another important fuel that needs a considerable 
amount of processing before it can be used. The calorific value of 
kerogen, which constitutes 10 to 30% of shale, is 20280 Btu/lb* and 
the bulk density of quarried shale is 92 lbs/ft3 [6]. Thus oil 
shale with 20% kerogen has a Ql valueof 0.47 and a Q2 value of 1.73 
and it lies within the enclosed region in Figure 3. 
DISCUSSION 
The overall value of an energy resource is a function of 
its quality, quantity available, point of origin, etc. The quality 
*Calculated using elemental composition [6] and Thornton's method [3]. 
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of a substance would serve as a guideline in deciding the trans-
portability of a fuel. A low quality fuel should be used close 
to its origin while fuels with higher Q values can be transported 
without incurring high expenses. The Q2 vs Q1 plot is thus a pratical way of classifying renewable energy ·resources. 
Table 3 shows an efficient way of listing data on fuels. 
Using data from such a table it would be possible to make the 
Q2 vs Q1 plot and also one can identify the areas in which improve-
ments can be made so as to increase the Q value. 
In the above work no allowance has been made for pollution 
costs. Due to the sulphur content in some renewable resources, 
pollution control costs could b~ considerable and this would 
influence the quality of a fuel. 
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TABLE 1 Quality Analysis for Products of Photosynthesis 
SUBSTANCE LB/FT3 BTU/LB BTU/FT3 Ql Q2 Q REF. 
1. Douglas Fir 28 8900 249000 1.034 .l • .i.) I L • .l~l. 5 
2. White Ash 42 5395 226590 0.630 1.100 1. 730 6 
3. Oregon Ash 31 8200 254000 0.953 1.181 2.134 5 
4. Red Cedar 19 9700 184000 1.127 0.855 1.982 5 
5. White Oak 37 8ll0 300000 0.942 1.394 2.336 6 
6. Redwooa 24 9210 221000 1.070 1.027 2.097 5 
7. Red Alder 23 8000 184000 0.930 0.855 1. 785 5 
-10-
-10-
8. Hickory 48 5391 258770 0.629 1.197 1.826 6 
9. Red Oak 42 5564 233690 0.648 1.085 1. 733 6 
10. Willow 28 5870 164360 0.682 0. 771 1.453 6 
11. Crop Residue 13 7500 82500 0.872 0.383 1.255 7 
TABLE 2 Quality Analysis for Solid Wastes 
SUBSTANCE LB/FT3 BTU/LB BTU/FT3 Ql Q2 Q REF. 
1. Fats 58 16470 955000 1.910 4.439 6.349 8 
2. Paper 58 7570 439180 0.880 2.038 2.918 6 
3. Leather 59 7240 427340 0.845 1.980 2.825 6,8 
4. Foam Scrap 9.1 12280 111780 1.426 0.516 1.942 6 
5. Vinyl Scrap 23.4 11430 267420 1.330 1.240 2.578 6 
6. Municipal 10.4 5000 52000 0.582 0.242 0.824 7 ~ V1 
Solid Waste 
7. Sawmill 9.4 4500 42300 0.525 0.197 o. 722 7 
Residue 
8. Plastics 4.0 14000 56000 1.628 U.LbU .1..888 9 
9. Manure 9.0 6500 58500 0.758 0.272 1.030 7 
10. Textiles 4.0 7500 30000 0. 875 0.139 1.014 9 
TABLE 3 Classification of Renewable Energy Sources 
SUBSTANCE LB/FT3 % MOISTURE % CARBON REDUCTION DEGREE BTU/LB BTU/FT3 REF. 
Tar Oils 58.0 - 90 5.0 17000 986000 6 
Coal 54.0 2.4 76 4.6 14000 756000 6 
Woods 30.0 45.0 28 4.3 5700 171000 9 ~ 
0\ 
Municipal 10.4 35 .o 33 4.4 500U 72000 7 
Solid Waste 
Crop Residue 13.0 20.0 43 4.3 7500 97500 7 
Manure 60.0 85.0 975 58500 7 
Paper 5.0 8.0 45 4.2 7200 36000 9 
1.6-
1.2 1-
Q2 
0.8 -
0. 4 1-
0 
0 
Figure 1. 
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INTRODUCTION 
ANAEROBIC DIGESTION OF ALCOHOL STILLAGE 
Laureen K. Binder 
Department of Agricultural and Chemical Engineering 
Colorado State University 
Fort Collins, Colorado 8052J 
In recent t1mes there has been an increased emphasis on developing 
methods for producing liquid fuels from renewable resources. One such method 
is uconol dist1!lation from grain. Thu process also produces a residue of 
distillers grains or stillage containing 90 percent or more of water. As much 
vaLue as possible must be obtained from the residue in order for alcohol dis-
tillation to be a profitable process. Currently wet stillage is being dried 
and sold to the feed industry as a protein supplement for cattle. As more and 
more small and medium operators become involved in gasohol production, this 
drying process would prove to be economically impossible. One approach to 
solving this problem is to anaerobically ferment the residue to produce 
methane wnich could subsequently supply the energy required for the distilla-
tion of alcohol. 
The objectives of this study were to determine the quantity of methane 
produced, determine the fermentation characteristics of the stillage and 
evaluate the economic feasibility of the process. 
METHANE FERMENTATION 
Metnane fermentation involves bacteria which obta1n energy for growth by 
catabolizing organic matter to carbon dioxide and methane. An accepted scheme 
for methane fermentation includes three stages (1). The first stage involves 
fermentative bacteria which hydrolyze polysaccharides to organic acids, 
alconols, hydrogen and carbon dioxide. The second stage involves hydrogen-
producing acetogenic bacteria which produce acetate, hydrogen and carbon diox-
lde from tne organic acids and alcohols produced in the first stage. The 
third stage involves methanogenic bacteria which use the products of the f1rst 
two stages to produce methane and carbon dioxide. See Figure 1 for a 
schematic diagram of the stages. 
EXPERIMENTAL 
The anaerobic fermentation apparatus included a flask wh1ch enabled sam-
ples to be drawn for pH analysis and gas analysis. As gas was produced, it 
displaced an aqueous salt solution which allowed for monitoring the rate of 
gas production. This apparatus can be seen in Figure 2. 
Fermentation was initiated by inoculating 700 m1lliliters of distilled 
water containing two percent (w/v) distillers grains with 100 milliliters of 
stock digester fluid. After flush1ng the flasks with nitrogen to obta1n 
anaerobic coniitions, the flasks were placed in a rotary shaking incubator 
operated at 150 RPM and 50°C. The gas conta1ned in the flasks and collect1on 
bottles was periodically analyzed on a GowMac Model 550 gas chromatograph 
equipped with a thermal conductivity detector. Air, methane and carbon diox-
ide were separated on a 4 ft x 0.25 in (o.d.) copper column packed with Poro-
pak R (50/80 mesh). Operating conditions were as follows: 
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helium carrier flow rate: 50 mlbmin 
- inject c.on port temperature: 150 c 
- column temperature: ambient 
detector temperature: 245°C 
-detector current: 150 mA 
The procedure for anaerobic fermentation was developed by Jack Wallick (2). 
Five runs were made using corn and milo stillage collected from the 
Schroecer alcohol plant in Campo, Colorado. The total stillage had been 
separated into a pressed solids and a liquid fraction. At least five repli-
cate samples were :ermented simultaneously in each run. 
RESULTS 
As shown in the graph of cumulative gas production versus time (Figure 
3), gas production began immediately after initiation of the fermentation pro-
cess. This was typical of each of the five separate runs made. As indicated 
in the graph of cumulative methane production versus time shown in Figure 4 
(also typical of each run made), methane was not detected until two to four 
days had elapsed. During this lag time, data indicated that the carbon diox-
ide produced did not account for the total gas production. Because the 
methanogenic bacteria were repressed, a large amount of hydrogen could have 
been evolved, thus accounting for the difference between carbon dioxide data 
and cumulative gas production. 
As shown in a comparison of average cumulative yield of total gas and 
methane (Table 1), the fermentative characteristics of milo and corn are quite 
similar. A comparison of the pressed solids and liquid fractions of milo 
indicates that similar amounts of methane were obtained from thin stillage and 
pressed solids. The differences were assumed to be due to the variation in 
the length of time that each fermentation ran. 
As indicated in Figure 5 where flasks 1, 2 and 3 received more vigorous 
agitation than flasks 4, 5 and 6 due to flask size, the level of agitation 
appears to significantly affect the amount of gas produced. If agitation is 
too rapid, the hydrogen in solution produced by the acetogenic bacteria would 
be evolved, thus causing a decrease in the production of methane. 
Analysis of the pH data obtained (Figure 6) indicates that the initial 
stages of the fermentation process were more acidic. This is due to the pro-
duction of fatty acids from carbohydrates. The latter stages were more basic, 
possibly explained by a depletion of the carbohydrate source and a subsequent 
degradation of protein as an energy source for the bacteria. Ammonia would be 
produced during this process, accounting for the alkaline shift in pH. 
ECONOMICS 
An overall material balance on alcohol production from grain is as fol-
lows: 25 kilograms of grain (approximately one bushel) is converted to 9.5 
liters of alcohol plus a stillage containing 18 kilograms of 35 percent solids 
fraction plus 47 kilograms of liquid with 5 percent solids (3). The total 
stillage thus contains approximately 8 kilograms of dried solids. 
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Based on a value of $145.00 per ton of dr1ed distillers gra1n, the 8 
kilograms of dried solids can be assigned a value of $1.29 as a high protein 
feed source. If tne 8 kilograms of dr1ed solids were to replace the corn 
fraction of feed, it would value at approximately $0.75. These and other 
evaluations are shown in Table 2. 
If tne 8 kilograms of dried solids were fermented, they would produce 
approximately 3200 liters of methane. Based on a value of $0.10 per 1000 
llters, this methane would value at $0.32. Also, based on values of $0.65 per 
gallon of propane and $1.00 per gallon of diesel, the value of the gas pro-
duced would be $0.76 and $0.88, respectively. These and other evaluations are 
shown in Table 2. 
Considering this economic analysis, the value of the pressed sol1ds frac-
tion of stillage as feed exceeds the return from methane. If methane were 
replacing diesel fuel, its value would approach the value of the sohds, but 
methane recovery would require a large capital investment. The thin stillage 
does snow potential for use as an energy source by comparison of the value as 
feed and the return from methane. 
CONCLUSiONS 
An economic analysis strongly suggests that the value of the pressed 
solids fraction of stillage as feed is much greater than the relative value of 
methane produced. Although only one liquid fraction of stillage was analyzed, 
data indicated that on a solid~J basis methane production was equal to or 
greater tnan tnat from the pre>sed sol1ds fraction. Because of the economics 
involved in drying the liquid fraction, the low protein content and the dispo-
sal problems involved, fermentation of this fraction could prove to be proflt-
able upon further studies. 
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Table 1. CUMULATIVE YIELDS OF TOTAL GAS AND METHAN FROM ANAEROBIC 
FERMENTATION OF VARIOUS STILLAGE MATERIAL) 
Length of Cumulative Yleld Ctlmulative Yiald Methane 
Stillage Fermentation of Methane of Total Gas Fractiona 
Run Material (days) (liter/kg) (liter/kg) (%) 
1 pressed 24 480 700 69 
corn solids 
2 pressed 18 420 780 54 
corn solids 
3 pressed 13 300 480 63 
corn solids 
4 pressed 17 430 720 60 
milo solids 
5 thin milo 22 500 1000 49 
stillage 
aAverage value for all fermentations in the run. 
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Table 2. STILLAGE VALUE RESULTING FROM ONE BUSHEL (25 KG) OF GRAIN 
SUBJECTED TO ALCOHOL FERMENTATION 
Feed if 
replacing 
Protein Corn Fertilizer 
Total Stillage $1.29 0.75 0.30 
Thin Stillage 0.19 0.05 
Methane if 
replacing 
Natural Gas 
0.32 
0.07 
Propane 
0.76 
0.17 
Diesel 
0.88 
0.20 
56 
I POLYSACCHARIDE 1 
_J, 
I suGARsl 
1. Fermentative 
Bacteria 
~ Propionate Ethanol, Lactate 
Acetate, H2 .... I I' co2 .; ..... 
2. H2-Producing Acetogen ic Bacteria 
..... 
--, 
3. Methanogenic Bacteria 
Figure 1. Stages of fermentation involved in the methane fermentation. 
cannula (for 
sampling I iquor) 
l:>wer 
s de orm 
----
57 
gas 
line 
FERMENTATION 
FLASK 
~ l·liter capacity 
3-way valve 
(fo samplino) 
tfr===::::1 outlet 
...__,__.,.....,...u.,._...,....-1 
(for 
displaced 
salt 
solution) 
NaCI/ 
Citric acid 
solution 
GAS COLLECTION 
BOTTLE 
Figure 2. APPARATUS USED IN THE ANAEROBIC FERMENTATION OF 
STillAGE SAMPLES. 
t--.1.\") -=f. 0 58 
U) 
1.0 
,... 
N 
Vl 
>, 
f'CI 
"0 
QJ 
E 
.,.... 
1-
CQ 
.;;)• 
. . 
co ¢ 
0:: 
UJ 
c.. 
UJ (.!) 
<( 
-· ~
1-· 
(/) 
;2::2 
o.:c 
0>-(,..) t-
c 
Cll-
UJ2 
VlLi 
Vl:::! 
UJO 
0::1..& 
C.. I..! 
::E 1.1 (.!:' 
'" \0 :;: 
·-
,_ 
~ 
Vl 
~ ·~ 
;;t 
• .J c 
l.J..; :: 
> 1.; 
l.oJ 
-IC 
L 
Vl:. 
Cl •· 
~·{ c 
~J .. 
oc 
VlC 
-It 
C:X::f-
...... _ 
r-: 
.... (., 
Z:l 
.... , c 
(/ 
•I--· 
N:'a 
Li 
z·tl 
:::>u 
0:: l, 
Ci 
O::Li 
00 
LL. 
I.J 
z::. 
or: 
......... :: 
.... ~-
L) 
::>:= 
Cit 
Oc 
CI::L. 
a. 
(/) 
<~::: 
(..!): 
.. 
L.UC 
:>L 
..... : 
1-
o;.{~ 
• ...J c 
:::> 
:E:( 
=:.> c 
uc 
. 
M 
QJ 
s. 
:::l 
Ol 
.,... 
1.1... 
10. 
-II) 
s.. 
QJ 
...., 
;:: 8. 
-
s::: 
0 
-
...., 
u 
::s 
'"C 
0 
!;:. 6. 
QJ 
s::: 
co 
.s::: 
...., 
~ 
QJ 
~ 4.0 
...., 
co 
-::s 
E 
::s 
u 
2. 
Figure 4. 
~__....---...-- 4-
4 8 1? 16 
Time (days) 
CUMULATIVE METHANE PRODUCT~ON rOR RUN 2. INITIAL sn1 TOS IF.VEL WAS 16 GM PRESSED CORN STILLAGE 
PER 800 GM MEDIUM. EACH CURVE REPRESENTS RESULTS OBTAINED FROM A SINGLE FERMENTATION. 
V1 
,\0 
8.0 
-II) 
6.0 r s... QJ +-" 
.,... 
r-
.......... 
s::: 
0 
.,... 
+-" 
u 
::s 
"'0 
0 
s... 
0.. 
4.o L QJ 
s::: 
ItS 
..r::: 
+-" 
QJ 
:&:: 
QJ 
> 
..... 
+-" 
ItS 
..... 
::s 
E 
::s 
u 2.0 
Figure 5. 
-----6 
·---4 
-5 
//~ 3 ; 2 == 1 
vr / II 0'\ 0 
4 8 12 16 Time (days) 
CUMULATIVE METHANE PRODUCTION FOR RUN 4. INITIAL SOLIDS LEVEL WAS 16 GM PRESSED MILO 
STILLAGE PER 800 GM MEDIUM. EACH CURVE REPRESENTS RESULTS OBTAINED FROM A 
::I: 
a. 
8.0 
7.5 
7.0 
6.5 
6.0 
Figure 6. 
4 8 12 16 
Time (days) 
PH VERSUS TIME FOR RUN 4 (PRESSED MILO STILLAGE). EACH POINT REPRESENTS THE PH OBSERVED 
PRIOR TO ADDITION OF NEUTRALIZING AGENT. EACH CURVf REPRESENTS nATA FOR A SINGLE 
FERMENTATION. 
0\ 
~ 

ESTIMATION OF GROWTH YIELD AND MAINTENANCE PARAMETERS 
INTRODUCTION 
Bamidele 0. Solomon and Mehmet D. Oner 
Department of Chemical Engineering 
Kansas State University 
Manhattan, Kansas 66506 
The concept of material and energy balance regularities 
has received considerable attention in the analysis of experimental 
data describing cell growth, substrate utilization and product 
formation [1- 14]. 
Because of measurement errors it is difficult to accurately 
estimate values of yield and maintenance parameters. Thus the 
application of statistics in the analysis of data and the estimation 
of growth parameters is of great interest [15- 28]. The presence 
of measurement. errors which make parameter estimation difficult, 
and the economic importance of yields make it necessary to develop 
a methodology of data analysis in which statistics, the measured 
values and material balances are fully employed in the analysis and 
interpretation of experimental results. 
The application of statistics for data analysis in 
biochemical engineering is limited. Kwaadsteniet et al. [15] in 
their work on heterotrophic microbial growth pointed out the 
inadequacy of the simple linear regression approach which is widely 
used in the literature. The statistical work of Roels and co-workers 
[16, 17, 24] involve the adjustment of raw data which is used in 
conjunction with the model of Kwaadsteniet et al. [15] to obtain 
point estimateo and confidence regions for the biochemical parameters 
P/0 ratio and YATP" 
In this work growth parameters are estimated from different 
sets of measured variables without any adjustment. The estimates 
which are correlated are then combined to find a single best esti-
mator. Also, 95% confidence intervals are constructed for the 
parameters. Three sets of data in the literature are analyzed to 
demonstrate how the statistical methods can be used. 
THEORY 
The parameters of interest during microbial growth include 
the maintentance coefficients m , m , md and m • The relationships 
between me, the energetic maint~nange coeffici~nt, and the others are 
presented elsewhere [6, 8, 13]. The second set of parameters of 
interest include the true growth yields Ymax, Ymax, and Ymad x, all 
s 0 
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of which are related to the true biomass energetic yield coeffi-
cient n [6, 8, 13]. These parameters can be estimated from 
the bio~~s, substrate, oxygen and carbon dioxide measurements 
obtained during fermentc: tion by \vri ting Pirt ':> model in the forms 
[8, 26]. 
.!:!..= -~-- + m 
T) n ( max 
Qs 
__ ]J __ 
+ tl y max s 
s 
Qo ___ _J! __ + m Y max 0 2 0 
Qco --~-- run 
2 YDmax 
where the specific growth rate, lJ, which in steady state continuous 
culture is equal to the dilution rate, D, is taken as the indepen-
dent variable. The response variables, Q , Q0 , and QCO , are s ') ? 
the specific rates of organic substrate consumption, oxygen con-
sumption and carbon dioxide evolution respectively. By means of 
the relationships [6, 8, 13] between Ymax, Ymax, YmDax, and n , 
s o max 
and the relationships between m
8
, m
0
, mD, and me, the equations 
can be reparameterized [27 ] . 
When biomass, organic substrate, oxygen, carbon dioxide, 
nitrogen and specific growth rate measurements are made, four 
(1) 
(2) 
(3) 
(4) 
different estimates of 1/n and m [18, 26, 27] can be obtained. 
The~e should be combined t~a~tain fhe maximum likelihood estimators. 
The completE method of point and interval estimation proce-
dures have been r-eport ~d elsewhere [27 ] • The interval estimation 
procedures illustratel. include Rao 1 s method [19, 21J, Bonferroni' s 
method [21, 26,2~, and the Bootstrap method [28 ]. 
DISCUSSION OF RESULTS 
Sample analyses of microbial gr01vth are shown in 
tables I-III. In all these tables 95% confidence intervals are 
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presented for MLE (Maximum likelihood estimate) and the Bootstrap 
method; however 97.5% confidence intervals are presented for the 
individual estimates. 
Erickson and Hess [20] analyzed the data of de Hollander 
~t al. [22] and obtained average point estimates of n = 0.56 and 
-1 max 
m = 0.0037 hr and at least 90% confidence intervals based on 
B5nferroni's method [28] of 0.532 < n < 0.628 and 0 < m < 0.0160 
-max- - e-
max for £ = 0.9. Table 1 contains the resluts of reanalysis of the p 
same data using the maximum lil:elihood method described above. The 
max MLE of n and m for £ = 0.9 were 0.582 and 0.0026, respectively 
roax e p 
for the 11 observations. The 95% confidence intervals for the MLE 
were 0.528 < n < 0.649 and •) < m < 0.018. This result is in 
-max- -e-
close agreement with that of Erickson and Hess [20] but has the 
advantage of yielding a 95% confidence interval directly. 
The analysis of the growth of Paracoccus denitrificans by 
Meijer et al. [23] is shown in Tables 2 and 3. Tables 2 and 3 contain 
the results of the analysis of the growth of the organism on gluconate 
'tV"ith gluconate limitation and gluconate with sulfate limitation, 
respectively. For the growth of Paracoccus denitrificans on gluconate 
limited medium n = 0.634 and m = 0.017 were the MLE's obtained by 
combining the in~!tidual estimate~ from the substrate and oxygen 
measurements. The 95% confidence intervals for these MLE's are 
0.601 < n < 0.672 and 0.003 < m < 0.031. However, for the srowth 
-max- -e-
of the organism on gluconate with the sulfate lLmitation, nmax = 0.547 
and m with 95% confidence intervals for the estimates of 0.510 < 
e 
nmax ~ 0.590 and 0.013 ~me~ 0.045. 
For the data in Table 2, the Bonferroni's confidence interval 
could not be constructed. For the data in Table 3, the 95% confidence 
intervals based on Bonferroni's method are 0.526 < n < 0.568 and 
- max-
0.010 ~me~ 0.042. These intervals are relatively shorter than those 
obtained by Rao's method. However the confidence intervals based on 
Rao's method are exact and appear to be more acceptable. 
Another procedure for point and interval estimation is 
the Bootstrap method [28]. The point estimates obtained by this 
procedure are.displayed in Tables 2 and 3 and are similar to the 
MLE's and the confidence interval obtained by the Bootstrap method 
is a little shorter but comparable to that constructed by Rao's method. 
CONCLUSION 
This work illustrates how poL1t and interval estimates 
can be obtained for the growth yield and maintenance parameters 
using all the available data. All of the calculations involving 
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the ~E's and Rao's method are carried out using the SAS 
pack1ges [26] which are simple to use. The results of application 
of t1ese statistical methods show that significantly improved 
para~eter estimates are obtained. 
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Table 1. Values of MLE of biomass energetic yield and maintenance parameters for Rhizobium 
trifollii for fixed values of product energetic yield. 
11max 
m -1 
max n e hr 
€ point interval point interval p 
0.8 10 0.620 [0.551, 0. 709] 0.0057 [0, 0.0240] 
0.8 11 0.620 [0.559, 0.696] 0.00594 [0, 0.0210] 
0.9 10 0.583 [0.439, 0.865] 0.00175 [0, 0.020] 
0.9 11 0.582 [0.528, 0.649] 0.0026 [0, 0.0180] 
Data of de Hollander, Bettenhaussen, and Stouthamer l22 ] . All intervals are 95% confidence 
intervals. (J'\ \0 
Table 2. Estimates of biomass energetic yield and maintenance p&rumeters for 
the growth of Paracoccus denitrificans on gluconate with gluconate 
limitation. 
-1 
11 m , hr 
max e 
Data point interval point interval 
Q , D 0.573 [0.539, 0.611] 0.014 [0, 0.030] 
s 
Qo , D 0.640 [0.617, 0.666] 0.017 [0.003, 0.031] 
2 
MLE 0. 634 [0.601. 0.672] 0.017 [0.003, 0.031] 
Bootstrap 0.637 [0.613, 0.656] 0.017 [0.004, 0.030] 
n = 17; Bonferroni 95% confidence interval based on Q , Q0 , and D are not s 2 
possible. 
Data of Meijer et al. [23]. 
-...) 
0 

Table 3. Estimates of biomass energetic yield and maintance parameters for 
the growth of Paracoccus denitrificans on gluconate with sulfate 
limitation. 
nmax m 
Data . e point interval point interval 
Q ' D 0.486 (0.424, 0.568] 0.{)46 [0.003, 0.089] s 
Qo , D 0.560 [0.526, 0.598] 0.026 [0.010, 0.042] 
2 
MLE 0.547 [0.510, 0.590] 0.029 [0.013, 0.045] 
Bootstrap 0.548 [0.519, 0.5791 0.015 [0.015, 0.043] 
n = 11; Bonferroni 95% confidence interval based on Q , Q0 , and D are s 2 
0.526 < n < 0.568 and 0.010 
- max -
Data of Meijer et al. [23]. 
< m < 
e-
0.042 
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INTRODUCTIO~ 
IMMOBILIZATION OF GLUCOAMYLASE 
USING TiC14 AND ORGANIC TITANATES 
Robert E. Lesch 
Department of Chemical Engineering 
Iowa State University 
Ames, Iowa 50011 
There has been a growing interest :n the development and application of 
immobilized enzymes. This is due to s<veral significant advantages they 
hold over the soluble form, including t!asy location and recovery, and often 
improved stability of the enzyme. The~;e properties would be especially 
important for expensive enzymes, or for enzyme-produced compounds where 
enzyme contamination cannot be tolerated. For commercial purposes, use 
of immobilized enzymes must offer an economic advantage for selecting them 
over some other means of obtaining the desired product. Already, several 
hundred combinations of enzymes and immobilization techniques exist (1). 
Unfortunately, many of them are rather expensive and complicated and 
impractical to adapt to mass production. 
One technique that appeared promising was the use of TiC14 as the linking 
agent between the enzyme and the carrier. Some work has already been done 
with it using a number of enzymes, including glucoamylase (2,3). The basic 
idea is to treat the carrier with an aqueous solution of TiC14, and so 
activate the carrier by the formation of a thin film of Ti02 . Additional 
steps are often included to improve the performance of the activated c~rrier, 
such as heat treatment (4) or various chemical treatments (5). 
The exact attachment mechanism is still unclear, as is true with many of 
the present immobilization teGhniques. It is likely that the predominant 
mechanism in this case is simple physical adsorption, though there may be 
some covalent linkage via hydroxyl groups on the surface of the a~tivated 
carrier. One object of this project was to see whether the use of organic 
titanates would improve enzyme binding by introducing more covalent character 
into any bonds which might be formed. No previously published results could 
be found on this topic. 
It was decided t9 approach the problem in two steps: first, results 
using Ticl4 would be obtained; then this information would be used for testing the performance of the organic titanates. 
EXPERIMENTAL 
Materials 
The enzyme used in this study was a purified Aspergillus niger gluco-
amylase, PPAG 12, obtained from Novo. 
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Controlled Pore beads, which were donated by Corning, were used as the 
carrier. Table 1 lists their physical characteristics. 
The activating compounds used were TiC14 and the following four organic titanates: tetra-isopropyl titanate and tetra-2-ethylhexyl titanate from 
Stauffer and titanium (di-isopropoxide) lactate ("lactate") and his (tri-
ethanolamine) titanium di-isoproxide ("TEA") from Ventron. Their structures 
are shown in Fig. 1. 
The substrate was a 10% (w/v) solution of Maltrin-15 (a maltodextrin 
obtained from Grain Processing Corporation) dissolved in 0.05M sodium 
acetate buffer at pH 4.5. 
Immobilization with TiC14 
Three different temperature treatmen~were tested using TiC14: 
*Room Temperature 
1) Place 2 g of carrier in 6 ml of water and aspirate to remove air from 
pores. 
2) Slowly add 1 ml of TiC14 with stirring (in ice bath). 3) Stir in ice bath for 30 min additional. 
4) Hold at room temperature for 2 h. 
5) Decant, rinse with water, and leave beads covered with water. 
*100°C 
Same general procedure, except the solution is held at room temperature 1 h 
0 
and at 100 C for 1 h in step 4; also, the beads are dried after rinsing. 
*500°C 
The same, with these changes: 2 g of carrier in 12 ml of water are mixed 
with 1.2 ml of TiC14; the beads are held ~t room temperature for 1 h, decanted and rinsed, and then held at 500 C for 1 h. 
0 0 The 100 C and 500 C treatments came from a previous immobilization study in 
our department (6). All three treatments were done with all three types of 
beads. 
The enzyme solution was then added to the activated carrier and left 
overnight (about 20 h) in a shaker at 4°C, The amount of enzyme offered varied 
from a low of about 1200 U/g (5 ml of 1% (w/v) glucoamylase in acetate buffer 
to 1 g of carrier) to 12000 U/g (5 ml of 5% glucoamylase to 0.5 g of carrier). 
Each run always included one untreated sample as a control. 
Immobilization with Organic Titanates 
In these treatments, only Al2o3 was used as the carrier. 
Activation with the alkyl titanates (isopropyl and 2-ethylhexyl) was 
similar to that for TiC14, except for the solvent used. 
1) Place 1 g of Al2o3 in 9 ml of hexane, followed by a short aspiration. 
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2) Slowly add 1 ml of titanate at room temperatt:re. 
3) Stir for 30 min, then hold at room temperature for 1 h. 
4) Decant, rinse with hexane, and dry. 
Activation with the other chelated, water-soluble titanates differed due 
to their ability to be hydrolyzed and precipitated by a change in pH (7). 
1) Place 1 g of A1 2o1 in a solution of 10 ml water and 0.5 ml TEA and aspirate. 2) Add a few drops of concentrated HCl to start the precipitation. 
3) Stir for 30 minutes and hold at room temperature for 1 h. 
4) Rinse and store in water. 
*Lactate 
1) Place 1 g of A1 2o3 in 5 ml of water and aspirate. 2) Add 0.075 g of lactate to 10 ml water and add a few drops of concentrated 
NH~OH to help dissolve the lactate (this also starts the hydrolysis). 
3) Add to the Al2o3 with stirring within a couple of minutes, before the precipitate sfarts forming. 
4) Finish as before. 
A high enzyme loading (about 10000 U/g) was used in all of these titanate 
treatments. 
Analytical 
Activities were determined by initial rate assays of the enzyme on the 
10% Mqltrin-15 solution at 40°C. 
Soluble assay: 25 ~1 of enzyme solution were put into 10 ml of substrate, with 
samples taken periodically and analyzed. 
Immobilized assay: the batch recirculation system from my previous work with 
immobilized glucoamylase (8) was used; it had a 100 ml reservoir and a 
1 em i.d., 2 em long reactor containing the enzyme-treated carrier. 
In this work, one unit was defined as the amount of en~yme needed to 
produce 1 ~mol of glucose per minute. 
Glucose concentrations were measur~d using a Beckman Model ERA-2001 
glucose analyzer. Each volume of the glucose oxidase reagent for the analyzer 
was diluted with 0.5 volume of 1M Tris buffer at pH 5.7 to suppress gluco-
amylase and maltase impurities in the reagent (9). In the TiC14 work, samples 
were injected straight into the analyzer from the reaction vessel. With the 
organic titanates, dilute NaOH was added to the samples to deactivate the 
enzyme and allow time for mutarotation; this was found to be necessary be-
cause the reaction produces S-glucose, which then mutarotates, and the 
analyzer only measures S-glucose. This explains why the activities for the 
titanate runs are lower than those with TiC14 (though some of the decrease 
may also be due to base isomerization of the glucose). 
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RESULTS 
While thE activities obtained at low enzyme loadings were not very 
consistent i't magnitude from one run to another, they did quite clearly 
indicate the relative performance of the three types of carriers. Table 2 
shows the re ults of the run dth 500°C treatment; the values obtained were 
typical of t .e other treatmen< s. It can be seen that Si02 was lowest in both specifj activity and efticiency. (Specific activity is defined as 
the number o units of enzyme attached per gram of carrier, while efficiency 
is the perce tage of active enzyme on the beads out of the total amount 
of enzyme th; twas removed from solution.) Also, the Al2o3 had higher 
specific act vity than the Ti02 , while their efficiencies were comparable. But more imp >rtantly, the Ti02 was already becoming saturated with enzyme 
at this load ng, while Al 2o3 was not. Thus, Al2o3 appeared to be the best 
carrier, and was used exclusively for the rest of the work. 
Fig. 2 shows t!le effect of increased enzyme loading on untreated Al2o3 . The amount of activity lost from solution leveled off at about 6000 U/g 
at a loading of 12000 U/g, while the efficiency dropped to 30%. The de-
crease in efficien .. ,, C'an probably be partially attributed to increased 
pore diffusion limLLt! ion. 
The final part of the TiC14 work was a comparison of the treatments 
using Al2o3 at a high loading of glucoamylase. These results are in Table 3. My conclus1on at this point was that none of the treatments offered a 
significant advantage over untreated Al2o3 . 
Despite these rather unfavorable results, it was decided to continue 
with the organic titanate work. The results of these treatments are listed 
in Table 4. The specific activities which were obtained were all around 
1000 U/g, as opposed to the value of 1600 U/g in the previous results which 
used a different glucose analysis in the assay. The alkyl titanates gave 
higher efficiencies, though without an increase in the specific activity. 
Finally, the numbers in parentheses are somewhat off due to an unintentional 
dilution of the enzyme solution; the actual efficiencies are probably closer 
to 30%. 
The best values obtained in this work were considerably lower than those 
achieved by Emery et al. (2), who immobilized over 3000 U/g of glucoamylase 
---
on glass at about 50% efficiency using TiC1 4 . However, a group in the Soviet Union got values comparable to ours (3). 
CONCLUSIONS 
The results of this work can be summed up in three conclusions: 
1) Al2o was the best carrier of those tested. 2) It will accept up to 4000 U/g of glucoamylase at about 30% efficiency, 
giving a maximum specific activity of about 1200 U/g. 
3) None of the treatments with titanium compounds appear to significantly 
improve enzyme binding for the Al 2o3-glucoamylase combination. 
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Table L Characteristics of Controlled Pore Beads. 
Pore Pore Surface 
Diameter VoluJ11.e ~rea 
Type (nm) (cm3/g) (m /g) Mesh 
Ti02 65 0.33 19 45/80 
A12o3 49.5 0.7 40 30/45 
Si02 42.5 0.6 40 45/80 
Table 2. Immobilization of Glucoamylase on Different Carriers.* 
Type of Carrier 
Si02 Ti02 Al2o3 
Activity 1177 1177 1177 
offered (U/g) 
Activity lost 227 701 1177 
from solution (U/g) 
Specific activity 43 549 804 
immobilized (U/g) 
Efficiency (%) 19 78 68 
* Carriers were treated with TiC14 and dried at 500°C 
Table 3. Comparison of TiC14 Treatments on Al2o3 . 
Untreated Room Temperature 100°C 
Activity 11800 11800 11800 11800 
offered (U/g) 
Activity lost from 5396 5318 3730 5894 
solution (U/g) 
Specific activity 1589 1576 1597 1724 
immobilized (U/g) 
Efficiency (%) 29 30 43 29 
Table 4. Results of Organic Titanate Treatments. 
--
Isopropyl 2-Ethylhexyl Untreated 
Activity offered 
(U/g) 9724 9724 9724 
Activity lost 
from solution (U/g) 2220 2532 4130 
Specific activity· 
immobilized (U/g) 1069 1090 1192 
Efficiency (%) 48 43 29 
TEA Lactate 
9768 9768 
(4484) (5150) 
955 979 
(21) (1 0'\ \...;.. .... ~ 
Untreated 
9768 
(5106) 
1043 
(20) 
-...J 
\0 
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Fig. 1.. Structures of organic titanates employed in this work. 
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SOLVENT TOXICITY IN THE ACETONE-BUTANOL FERMENTATION 
Jeanine M. Costa 
Department of Agricultural and Chemical Engineering 
Colorado State University 
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INTRODUCTION 
Due to the rising cost of petrochemical feedstocks, fermentation is 
receiving wide attention as an alternative method for obtaining chemicals. 
Con.pounds such as ethanol, butanol, acetone, acetic acid• etc. currently 
de1ived from fossil fuels may also be produced by the fermentation of low-
cobt, renewable raw materials. 
The organism used in this study was Clqstridium acetobutylicum. The 
Clostridium will ferment a variety of substrates such as cheese whey, 
molasses, corn, cellulose, and hemicellulose sugars to acetone, butanol, 
ethanol, acetic acid, and butyric acid. Butanol is currently the most 
important product of this fermentation because it is an excellent fuel 
additive. However, large-scale production of butanol by fermentation is 
not economically feasible because of the low conceptrations produced by 
the Clostridium. This leads to high energy demand in product recovery. 
The production of acetone and butanol is inhibited as 2-3 weight 
percent total solvents. The butanol concentration at which fermentation 
stops is typically 11 g/1. It has been reported that butanol is the 
primary toxic substance in this fermentation (1). To date, efforts to 
solve the toxicity problem have centered on adaptation, genetic mutation 
and in-situ solvent extraction, all with limited success (2). The cause 
of this toxicity is not completely understood. It has been hypothesized 
that inhibition of growth in the presence of aliphatic alcohols is due to 
a disruption in the functionality of the membrane lipid bilayer (3). 
To help achieve a better understanding of the inhibitory factors in 
the acetone-butanol fermentation, the growth rates of Cl. acetobutylicum 
in the presence of each fermentation product were determined. This paper 
will report on the inhibitory effect of butanol, ethanol, acetone, acetic 
acid, and butyric acid on cell growth. 
MATERIALS AND METHODS 
ORGANISM AND CULTURE CONDITIONS 
Clostridium acetobutylicum was obtained from the American Type Culture 
Collection (ATCC 824). The microorganism was routinely transferred in screw 
cap tubes (16 x 125 mrn) under anaerobic conditions. The tubes contained 10 
ml of medium comprised of 50% (v/v) thioglycollate 135c medium (Difco 
Laboratories, Detroit, Michigan) and SO% (v/v) soluble medium. The soluble 
medium contained (grams/liter): glucose, 20; KH2Po4, 0.75; K2HPO~, 0.75; Mgso4, 0.02; Mnso4.H2o, 0.01; FeS0~.7n2o, 0.01; NaCl, 1.00; cysteine, 0.50; yeast 
extract, 5.00; asparagine, 2.00; (NH ) SO , 2.00. The pH of the soluble 
medium was 6.2 prior to autoclaving ~1S min at 121°C). Each newly inoculated 
tube was placed in boiling water for 30 seconds to heat shock the culture. 
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Incubation of the tubes for 16-20 hours at 37°C produced cells in the 
late logarithmic growth phase. These cells served as the inoculum for 
fermentations and challenge studies. 
FERMENTATIONS 
To measure solvent production, fermentations were performed at 37°C 
in a 7-1 New Brunswick Microferm fermentor with a 4-1 working volume using 
the ~oluble medium containing 6% (w/v) glucose. The pH of the fermentation 
was maintained at 5.0 by the addition of 1N NaOH. Anaerobic conditions in 
the fermentor were maintained by sparging nitrogen through the medium. 
Sparging became unnecess&ry after growth began. 
CHALLENGE EXPERIMENTS 
To determine the effect of fermentation products on cell growth, the 
Clostridium was challenged with varying concentrations of ethanol, butanol, 
acetic acid, butyric acid and acetone. Flasks containing 180 ml of solub:~e 
medium (2% w/v glucose) were inoculated with a 10% (v/v) inoculum from a 
20-hour culture. After 10-12 hours, when the cells were growing exponen-
tially, 20 ml of these cells were used as a 10% (v/v) inoculum for flasks 
containing 180 ml of the soluble medium (2% w/v glucose). After allowing 
growth to proceed for 30 minutes, the cultures were challenged with various 
concentrations of the fermentation products. Growth was measured by 
recording the optical density at 560 nm. The pH started at 6.2 prior to 
autoclaving and fell to 3.9 after 10 hours. 
Alcohol and acid concentrations reported under Results and Discussion 
are based on the amount added to the flasks and disregard any solvents 
present in the inoculum and solvents produced during the experimental time 
intervals. All challenge experiments were performed in an anaerobic chamber 
containing 10% hydrogen, 5% carbon dioxide, and 85% nitrogen. 
ANALYTICAL 
The fermentation products were monitored on a Varian model 2400 gas 
chromatograph. The chromatograph was equipped with a 6ft x 1/8 in stainless 
steel teflon lined column packed with chromosorb W-AW coated with 10% AT-1000. 
0 0 The temperature of the column was programmed from 100 C to 180 C at a rate 
of 20°C/min. The carrier gas (helium) flow rate was 30 ml/min and the 
0 detector temperature-was 230 C. 
The cell density was measured as percent transmittance at 560 nm using 
a Bausch and Lomb Spectronic 20. 
The glucose concentration of the fermentation broth was measured by 
the DNSA (dinitrosalicylic acid) method (4) using glucose as a standard. 
RESULTS AND DISCUSSION 
The results of a typical fermentation are shown in Figure 1. 
0 
was maintained at 5.0 and the temperature was controlled at 37 C. 
The pH 
It has 
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been shown that fermentations run at a controlled pH of 5.0 produce the 
highest-levels of solvents (5). As shown in Figure 1, acetic acid reached 
levels of 4.5-5.0 g/1. The butyric acid reached slightly lower levels of 
4.0 g/1. Acetone production began later in the fermentation, reaching 
levels of 4.0 g/1 at the end of the fermentation. Ethanol was produced in 
very low concentrations of approximately 0.8 to 1.0 g/1. Butanol levels 
averaged 11 g/1. This has been the highest level of butanol achievable 
during a fermentation and is comparable to the levels reached in industrial 
fermentations. Based upon the amount of glucose consumed, and taking into 
consideration the glucose used for cell mass production during the early 
stages of fermentation, near theoretical conversion of the remaining glucose 
to solvents was obtained. 
The optical density as a function of time for cultures of Cl. aceto-
butylicum challenged witlt butanol is shown in Figure 2. This figure clearly 
shows the effect of incr.:asing concentrations of butanol on cell growth. A 
similar set of curves was generated for challenges with ethanol, acetic acid, 
butyric acid, and acetone. 
The maximum growth rate as a function of ethanol and butanol added to 
the fermentation is shown in Figure 3. It should be emphasized that these 
are the concentrations of products added to the fermentation and may not 
represent the actual concentrations found in the broth. The growth rates 
were determined by linear regression of data from time zero through the 
fourth hour after the challenge. Similar plots were generated for acetic 
acid, butyric acid, and acetone. Table 1 lists the fermentation products 
and their concentrations which, when added to the fermentation, caused 50% 
inhibition of growth and zero growth, respectively. The levels of butanol 
and butyric acid which cause 50% inhibition of growth are comparable to that 
obtained during a typical fermentation. The level of acetic acid which 
causes zero growth is comparable to that obtained during a fermentation. 
Ethanol and acetone concentrations typically observed during a fermentation 
did not cause any growth inhibition. 
CONCLUSIONS 
The levels of solvents produced during a laboratory scale fermentation 
of f· acetobutylicum are sufficient to stop cell growth. In separate 
challenge experiments, the acetic acid proved to be the most toxic sub-
stance to the Clostridia. Concentrations of acetic acid as low as 5.0 g/1, 
when added to the fermentation, completely stopped cellgrowth. As demon-
strated by ethanol and butanol, longer chain alcohols are more toxic to 
the organisms than shorter chain alcohols. A concentration of 51.0 g/1 
ethanol causes the Clostridia to exhibit 1/2 its maximum growth rate. Only 
11 g/1 of butanol is required for the same effect. Acetone and ethanol 
were found to be non-toxic at normal fermentation concentrations. Acetone 
was found to be the least toxic substance to the Clostridia. Concentra-
tions of 29 g/1 acetone did not cause any inhibition of growth. 
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Table 1. Concentrations of acetone-butanol fermentation products 
causing ~ = 1/2 ~ and ~ = o. 
max 
~ = 1/2~ l.1 = 0 max 
Grams/Liter Molar Grams/Liter Molar 
Acetic acid 2.7 0.05 5.0 0.08 
Butyric acid 4.1 0.05 8.5 0.10 
Butanol ll,O 0.15 15.0 0.22 
Ethanol 51.0 1.10 69.0 1.50 
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Fig. 1. pH controlled fermentation of HOURS 
Clostridium acetobutylicum on 6% glucose medium. 
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Figure 2. Effect of butanol on the growth of Clostridium acetobutylicurn. 
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